ABSTRACT: Urea-nitrogen recycling to the gastrointestinal tract (GIT), N metabolism, and urea transporter-B (UT-B) mRNA abundance in ruminal epithelium were evaluated in partially defaunated (PDFAUN) and faunated (FAUN) growing lambs fed 2 levels (10%, low, or 15%, high) of dietary CP (DM basis). Four Suffolk ram lambs (43.9 ± 1.4 kg initial BW) were used in a 4 × 4 Latin square design with 27-d periods. Sunflower oil was fed (6%; DM basis) as an anti-protozoal agent. Nitrogen balance was measured from d 22 to 26, with concurrent measurement of urea-N kinetics using continuous intrajugular infusions of [
INTRODUCTION
In ruminants, protozoa account for 20 to 70% of the ruminal microbial biomass, but their contribution to microbial protein flow at the duodenum is limited to only 20 to 40% (Jouany, 1996) . Defaunation improves N utilization, mainly by decreasing intraruminal N recycling and NH 3 -N pool (Koenig et al., 2000) and by increasing the sequestration of NH 3 -N into bacterial protein (Firkins et al., 2007) . It is plausible that the positive effects of defaunation on N utilization may also result from an increase in urea-N recycling to the rumen. Protozoa degrade dietary and bacterial proteins, thus elevating ruminal NH 3 -N concentration; consequently, defaunation consistently decreases ruminal NH 3 -N concentration (Jouany, 1996) . Ruminal NH 3 -N concentration is negatively correlated with urea-N transfer into the rumen (Kennedy and Milligan, 1980) because increased NH 3 -N concentration decreases the permeability of the ruminal epithelium to urea-N (Egan et al., 1986) . Also, urea-N transfer into the rumen is facilitated by bacterial urease activity, which maintains a favorable concentration gradient (Rémond et al., 1996) , and urease activity is negatively correlated with ruminal NH 3 -N concentration (Cheng and Wallace, 1979) . Therefore, it is possible that the decreased ruminal NH 3 -N concentration with defaunation may increase urea-N recycling by increasing urease activity and the permeability of the ruminal epithelium to urea-N. Effects of defaunation on ruminal NH 3 -N concentration
Partial Defaunation and Refaunation
Linoleic acid-rich sunflower oil (Safeway Canada, Saskatoon, Saskatchewan, Canada) was fed (6%, DM basis) as an anti-protozoal agent. The protocol for ruminal defaunation was based on previous research (Ivan et al., 2001) . Sunflower oil contained (%) 6. 24, 3.87, 26.15, 67 .07, and 0.49 of palmitic (C 16:0 ) , stearic (C 18:0 ), oleic (C 18:1 ), linoleic (C 18:2 ), and linolenic (C 18:3 ) acid, respectively. At each feeding, one-half the daily allotment of sunflower oil was thoroughly hand-mixed with 250 g of feed, and then the sunflower oil-feed mixture was offered initially to experimental animals to ensure complete consumption of the oil. Thereafter, the rest of the feed was offered. To avoid cross-inoculation of PDFAUN lambs by FAUN lambs via direct physical contact, individual floor pens and metabolism crates housing PDFAUN lambs were spaced several meters away from those housing FAUN lambs. Ruminal contents (approximately 200 mL) were sampled at 1100 h on d 1 to 3, 6, 9, 12, 15, 18 , and 21 to 26. Ruminal contents were squeezed through 2 layers of cheesecloth. A 10-mL aliquot of ruminal fluid was mixed with an equal amount of 10% formalin and transported to the laboratory where protozoa were enumerated immediately. Ruminal protozoa were enumerated microscopically (Ogimoto and Imai, 1981 ) using a Neubauer improved Bright Line Hematocytometer (Hausser Scientific, Horsham, PA) . Each ruminal fluid sample was counted twice, and if the average of the duplicates differed by more than 10%, counts were repeated. In addition to total protozoal counts, protozoa were also differentiated into different genera as Entodinium sp., Holotrichs, and cellulolytic protozoa (Ogimoto and Imai, 1981) . Partially defaunated lambs were refaunated at the start of an experimental period by a 3-d administration of approximately 300 mL of ruminal contents that were Calculated according to NRC (1985) guidelines.
Urea-nitrogen recycling in defaunated lambs obtained from 2 faunated spare lambs that were fed equal proportions of the 2 experimental diets.
Sample Collection
Experimental lambs were moved from individual floor pens into individual metabolism crates on d 19 of each experimental period to allow acclimation before the initiation of data collection on d 22. During the 6-d data collection period, individual lamb feed intake was recorded daily. Samples of experimental diets and orts were collected daily, stored at −20°C, and composited per lamb for each experimental period before chemical analysis. On d 21 of each experimental period, lambs were fitted with temporary vinyl catheters (0.86 mm i.d. × 1.32 mm o.d.; Scientific Commodities Inc., Lake Havasu City, Arizona) in the right and left jugular veins to allow for simultaneous isotope infusion and blood sampling. Urea transfer to the gastrointestinal tract (GIT) and whole-body N balance were determined between d 22 and 26 as described by Lobley et al. (2000) . 15 N]-urea in urine was 0.15 atom percent excess. Total feces and urine were collected daily between d 22 and 26 before the 0900 h feeding to determine daily outputs. Feces were collected using fecal bags that were fitted 2 d before the start of collection to allow acclimation. Bags were emptied daily at 0900 h during total collection periods. Total daily fecal output for each lamb was mixed thoroughly, quantitatively transferred into a preweighed plastic container and weighed. A wet sample (25% of total output) was subsampled daily and stored at −20°C. Urine was collected into sealed plastic containers placed below metabolic crates. Plastic containers had 50 mL of 12 M HCl to maintain the urine pH between 2 to 3 to prevent bacterial growth and the loss of NH 3 -N. Total urine output was recorded daily. A 50-mL subsample of urine was collected daily (d 22 to 26) 14 N]-urea in urinary urea. In addition, a 2-mL subsample of urine was diluted with 8 mL of distilled water and stored at −20°C for later determination of urea-N and purine derivatives (PD). All daily urinary output was composited by period and animal and stored at −20°C until analyzed for total N.
On d 26, ruminal contents (approximately 200 mL) were sampled at 0900, 1100, 1300, 1500, and 1700 h and squeezed through 2 layers of cheesecloth. Ruminal pH was then immediately determined using a model 265A portable pH meter (Orion Research Inc., Beverly, MA). A 10-mL aliquot of ruminal fluid was preserved with 2 mL of metaphosphoric acid (25% wt/vol), and a second 10-mL aliquot of ruminal fluid was preserved with 2 mL of 1% sulfuric acid and stored at −20°C for later analyses. At the same time points corresponding to ruminal fluid sampling, blood samples (5 mL) were collected from a jugular vein catheter into vacutainers containing heparin (144 USP units) and transferred to the laboratory on ice. Blood samples were centrifuged at 1,500 × g for 15 min at 4°C, and the plasma obtained was stored at −20°C for later analysis. On d 27, ruminal epithelial tissue biopsies were taken at 2 h after the morning feeding. Briefly, whole ruminal contents were evacuated using suction vacuum into a large container that was placed in warm (approximately 40°C) water. Approximately 6 mm of ruminal mucosal tissue with papillae was clipped carefully from the ventral sac of the rumen using a sterile clipper, immediately snap frozen in liquid N, and stored at −80°C. After the biopsy procedure, whole ruminal contents were returned to the rumen. The biopsy procedure for all the 4 lambs was completed within 1 h to minimize possible variations with time due to circadian effects.
Sample Analyses
At the end of the trial, frozen samples of experimental diets, orts and feces were thawed overnight at room temperature and analyzed for DM by drying in an oven at 60°C for 48 h (AOAC, 1990; method 930.15) . Dried diets, orts, and feces were then ground through a 1-mm screen using a Christy-Norris mill (Christy and Norris Ltd., Chelmsford, UK). Ground diets, orts, and fecal samples were pooled per lamb and analyzed for OM by ashing at 600°C for at least 8 h, CP using the macro-Kjeldahl procedure (AOAC, 1990; method 984.13), ether extract (AOAC, 1990; method 920.39) , and ADF and NDF (Van Soest et al., 1991) . Amylase and sodium sulfite were used for NDF determination.
Ruminal fluid samples that were preserved with metaphosphoric acid were thawed at room temperature, centrifuged at 18,000 × g for 15 min at 4°C, and filtered through a 0.45-µm membrane. A subsample (0.1 mL) of the supernatant was transferred into a 1.7-mL microcentrifuge tube, and 0.5 mL of 1 mM trimethyl acetic acid was then added to each tube as an internal standard. The volume was made up to 1.5 mL with acetonitrile, contents were then centrifuged at 18,000 × g for 5 min at 4°C, and the supernatant was quantitatively transferred to clean, dry vials. Volatile fatty acids were separated and quantified by gas chromatography (Agilent 6890, Mississauga, Ontario, Canada) as described by Erwin et al. (1961) . Ruminal fluid samples that were preserved with sulfuric acid were also thawed, centrifuged for 10 min at 18,000 × g at 4°C to obtain a clear supernatant, and analyzed for NH 3 -N using a phenol-hypochlorite assay (Broderick and Kang, 1980) . Total N in pooled urine was determined using the macro-Kjeldahl procedure (AOAC, 1990) . Daily urine samples (2 mL) that were diluted with distilled water (8 mL) were pooled per lamb proportionally to daily urine output and analyzed for allantoin, and xanthine plus hypoxanthine (Chen and Gomes, 1992) , and for uric acid by a quantitative enzymatic colorimetric method using a commercial assay kit (Stanbio Uric Acid Liquicolor Kit, procedure No. 1045; Stanbio Laboratories, Boerne, TX). Total PD excretion per day was calculated as allantoin + uric acid + xanthine plus hypoxanthine. Microbial non-NH 3 -N (NAN) supply was calculated based on total PD excretion in urine (Chen and Gomes, 1992) , using BW measurements obtained on d 19. Plasma urea-N (PUN) and urinary urea-N (UUN) were determined by the diacetyl monoxime method (Marsh et al., 1957) N]-urea in pooled urine and background urine samples, urinary urea was isolated by applying urine containing 1.5 mg of urea-N through prepacked cation exchange resin columns (AG-50W-× 8 Resin, 100 200 mesh, H + form; Biorad, Richmond, CA) as described by Archibeque et al. (2001) . Previous studies have determined that this concentration of urea-N was suitable to ensure sufficient amounts of N 2 gas for analysis, while minimizing the occurrence of nonmonomolecular degradation of urea (Archibeque et al., 2001; Marini and Van Amburgh, 2003) . After the urine was applied to the column, 7 mL of N-free water was then applied to the columns, with the eluate discarded. Urea was then eluted by applying 20 mL of N-free water to the columns, which was collected into test tubes. The eluate was air-dried at 60°C, and urea was quantitatively transferred into 17-× 60-mm borosilicate glass tubes using three 1-mL rinses of N-free water. The urea samples were then freeze-dried and the proportions of [ 14 N]-urea in urinary urea-N were analyzed by isotope ratio-mass spectrometry (Lobley et al., 2000) (Lobley et al., 2000) . Fecal samples were analyzed for total 15 N enrichment by combustion to N 2 gas in an elemental analyzer and continuous flow isotope ratio-mass spectrometry (Lobley et al., 2000) .
UT-B Gene Expression Analysis
Ruminal epithelial tissue samples were pulverized with a mortar and pestle under liquid N. Total RNA was extracted from a 20-to 30-mg tissue sample using an RNAeasy Mini Kit (Qiagen, Mississauga, Ontario, Canada), followed by digestion with RNase-free DNase (Qiagen). Amount of RNA was quantified with PicoGreen (Molecular Probes, Eugene, OR) using a fluorometer (Fluoroscan Ascent FL, Thermo Labsystems, Waltham, MA), and 1 µg of RNA was used to generate first-strand cDNA using high-capacity cDNA reverse transcription kit (Applied Biosystems). The cDNA obtained was stored at −20°C until analyzed. Gene transcript abundance was quantified using real-time quantitative PCR (qPCR; iCycler iQ Real-Time PCR detection system, BioRad) using SYBR Green fluorescence detection. The primers used for urea transporter-B (UT-B) and ovine glyceraldehyde 3-phosphate dehydrogenase (ovine GAPDH; NCBI Accession No. BC102589) were previously reported (Stewart et al., 2005; Ludden et al., 2009) . Ovine GAPDH was used as an internal reference to normalize UT-B mRNA expression. Briefly, the PCR primers were UT-B (forward, 5′/ggacctgcctgtcttcactc/3′; reverse, 5′/gatcaaggtgcttgggaaaa/3′) and ovine GAPDH (forward, 5′/gattgtcagcaatgcctcct/3′; reverse, 5′/ggtcataagtccctccacga/3′) with amplicon size of 97 and 94 bp, respectively. Amplification conditions for ovine GAPDH and UT-B included a predwell for 3 min at 95°C and 35 cycles of denaturing for 30 s at 95°C, and annealing for 30 s at 58°C. The real-time qPCR reaction mixture used for each gene consisted of 12.5 µL of Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, Burlington, Ontario, Canada), 0.5 µL of each primer (25 µM), and 1.0 µL of template cDNA, made up to 25 µL. The amplification efficiency was 100.1%. To confirm the quality of amplification, melting curve analysis was done after qPCR amplification of incubation products for 5 s at each step with increase in temperature by 0.5°C from 65 to 95°C in each cycle. The results are presented as target gene transcript abundance normalized to GAPDH transcript abundance. Expression of GAPDH mRNA in equal amounts of total RNA indicated that GAPDH in rumen epithelial tissue was stable and unaffected by the experimental conditions that were employed.
Calculation of Urea-N Kinetics and Statistical Analysis
Urea-N kinetics was calculated according to the model of Lobley et al. (2000) , using urinary N excretion in feces. In this model, a portion of urea-N synthesized in the liver (urea-N entry rate, UER) is lost via the urine (urinary urea-N elimination, UUE), and the remainder enters the GIT (GIT entry rate, GER). The urea-N entering the GIT (i.e., GER) undergoes bacterial degradation liberating NH 3 . A portion of this NH 3 is excreted in feces (urea-N in feces, UFE); some is reabsorbed into portal blood, and it reenters the ornithine cycle in the liver (ROC); and the remainder is used for ana-bolic purposes (urea-N utilized for anabolism, UUA; Lobley et al., 2000) .
All data were analyzed using ANOVA as a 4 × 4 Latin square using PROC MIXED (SAS Inst. Inc., Cary, NC) with period and animal as the random effects. The model used included the following independent variables: animal, period, ruminal protozoal status (PDFAUN vs. FAUN), level of dietary CP (low vs. high), and the ruminal protozoal status × level of dietary CP interaction. Because N intake differed due to protozoal status, and because of the positive correlation between N intake and hepatic output of urea-N (Marini et al., 2004; Wickersham et al., 2009 ), data on urea-N recycling kinetics were initially adjusted by covariance analysis using N intake within sheep and collection period as a covariate (Huntington et al., 2009) . For the major dependent variables quantifying urea-N recycling kinetics, statistical trends for adjusted (data not shown) and unadjusted data were similar; hence, unadjusted data are presented. For protozoal counts, statistical analysis was performed on log 10 -transformed data. When significant treatment effects were detected, means were compared using the Tukey-Kramer multiple comparison test. Treatment differences were considered significant when P < 0.05, and tendencies are discussed when 0.05 < P < 0.10.
RESULTS AND DISCUSSION

Dietary Characteristics
Experimental diets were formulated to have a similar chemical composition, except for the CP content (Table 1). Experimental diets were originally formulated to contain 10 and 15% CP (DM basis) for the low and high treatments, respectively, and chemical analysis showed only marginal deviations (+0.3 and +0.6 percentage units, respectively) from the intended dietary CP contents (Table 1) . Dietary CP was manipulated by varying the inclusion rates of corn gluten meal and soybean meal, such that both experimental diets contained the same protein ingredients (albeit, in varying amounts) to ensure a similar AA profile.
Ruminal Protozoal Numbers and Fermentation Characteristics
The experimental protocol that was used for ruminal defaunation was based on previous research (Ivan et al., 2001) , which demonstrated that linoleic acid-rich sunflower oil fed at 6% of diet DM was a potent antiprotozoal agent, decreasing ruminal protozoal counts by more than 80% within 6 d when compared with a control diet. Several methods are available for eliminating protozoa from the rumen, and they are mostly based on the use of chemicals (e.g., copper sulfate and calcium peroxide) that have toxic effects on ruminal protozoa (Jouany, 1996) . A major drawback of using chemicals to eliminate ruminal protozoa is that they can be toxic to experimental animals and can also alter other aspects of the ruminal microbial ecosystem (Jouany et al., 1988) , hence our decision to use sunflower oil as a defaunating agent in the present experiment. Although complete defaunation was not achieved in the present study, substantial reductions in ruminal protozoal populations were achieved, coupled with positive responses in N utilization. Also, partial defaunation can be beneficial as it has been associated with a greater flow of NAN to the duodenum (Punia et al., 1987) , improved feed:gain ratio in sheep (Ivan et al., 2004) and increases in milk yield in dairy cows (Moate, 1989) .
Ruminal protozoa consist largely of Entodinium sp., Holotrichs, and cellulolytic protozoa (Ogimoto and Imai, 1981) , and in the present study, the distribution of these protozoa in faunated lambs was 94% Entodinium, 2 to 3% Holotrichs, and 2 to 4% cellulolytic protozoa (Table 2) . Feeding sunflower oil resulted in substantial reductions in total ruminal protozoal counts by d 6, with the maximum decrease achieved by d 22, and this was maintained throughout the measurement period (data not shown). During the measurement period (d 22 to 27), feeding sunflower oil decreased (P = 0.001) total ruminal protozoal counts by, on average, 88% (Table 2) . Ruminal refaunation using a 3-d administration of ruminal fluid from naturally faunated sheep was successful, and populations (mean ± SE; n = 4) for total protozoa (16.2 ± 1.8 × 10 5 /mL) and Entodinium (15.3 ± 1.7 × 10 5 /mL), Holotrichs (0.44 ± 0.07 × 10 5 / mL), and cellulolytic protozoa (0.42 ± 0.07 × 10 5 /mL) in previously partially defaunated sheep were restored to predefaunation numbers by d 15 of each experimental period. This suggests that measurements (d 22 to 27) were taken when ruminal protozoal populations and ruminal function had recovered.
As expected, ruminal defaunation was accompanied by a decrease (P = 0.001) in ruminal NH 3 -N concentrations (Table 2) . Numerous published studies have also reported decreases in ruminal NH 3 -N concentrations as a result of partial (Ikwuegbu and Sutton, 1982; Ivan et al., 2001) or complete (Newbold et al., 1986; Koenig et al., 2000) defaunation. This decrease in ruminal NH 3 -N concentrations is mainly attributed to decreased intraruminal bacterial N recycling, coupled with increased microbial protein synthesis due to a larger bacterial population (Koenig et al., 2000) , and decreased ruminal proteolysis of dietary nitrogenous compounds (Wallace et al., 1987) . Ruminal concentration of propionate was greater (P = 0.001), whereas that of butyrate and valerate was less (P = 0.001) in PDFAUN compared with FAUN lambs (Table 2) , supporting previous findings (Koenig et al., 2000) . Ruminal concentrations of total VFA and acetate were less (P = 0.001) in PD-FAUN compared with FAUN lambs, and this difference was larger in lambs fed the high treatment compared with those fed low (interaction effect, P ≤ 0.02), possibly reflecting observed differences in DMI. Ruminal concentrations of total VFA (P = 0.07) and acetate (P = 0.09) tended to be less, and that of propionate (P = 0.02) was less in lambs fed high compared with those fed low (Table 2) . Ruminal concentration of isobutyrate was greater (P = 0.01) and that of butyrate was numerically greater (P = 0.18) in lambs fed the high treatment as compared with those fed low. Similarly, greater ruminal concentrations of butyrate and iso-butyrate have been reported in dairy cows fed increased dietary CP (Ipharraguerre et al., 2005) , possibly reflecting oxidative deamination and decarboxylation of AA from true protein originating from a greater dietary CP intake. Ruminal pH in PDFAUN lambs was greater (P = 0.001) compared with FAUN lambs (Table 2) , which is in agreement with other research (Ivan et al., 2001 (Ivan et al., , 2004 . Ruminal protozoa engulf and store starch, thereby preventing or slowing down starch fermentation by bacteria. As a result, the presence of protozoa is generally associated with a greater and more stable ruminal pH (Veira et al., 1983) , which is in contrast to our observations in the present study. It is noteworthy that partial defaunation by the addition of sunflower oil resulted in a decrease in total ruminal VFA concentrations, primarily due to a decrease in acetate and butyrate concentrations (Table 2 ). This decrease in total VFA concentrations could be responsible for the greater ruminal pH that was observed in PDFAUN lambs. We did not measure ruminal fiber digestion in this study, but it is plausible that antimicrobial effects of added oil on cellulolytic bacteria (Pantoja et al., 1994) could have inhibited fiber digestion, thus decreasing VFA production. Also, some species of protozoa appear to have cellulolytic activity (Jouany et al., 1988) and their absence in PDFAUN lambs could also have contributed to the reduced VFA concentrations. However, because sunflower oil was added only to PDFAUN, it is difficult to ascertain that alterations in ruminal function (e.g., changes in ruminal VFA concentrations) are due to the partial elimination of protozoa and not due to antibacterial properties of sunflower oil.
DMI and Total Tract Nutrient Digestibilities
Partially defaunated lambs consumed 125 to 591 g/d less DM compared with FAUN lambs (P = 0.03; Table 3 ), supporting previous research that reported that feeding linoleic acid-rich oil sources was associated with a decrease in DMI (Ivan et al., 2004) . A preponderance of the available research indicates that defaunation has little effect on DMI (Eugène et al., 2004 ). Although we did not measure ruminal fiber digestion, the decrease in DMI that was observed in protozoa-free animals in the present study can be partly attributable to perturbations of fiber digestion in the rumen because unsaturated oils have been shown to inhibit ruminal cellulolytic bacteria (Pantoja et al., 1994) . Total tract digestibilities of DM, OM, ADF, and NDF were unaffected by ruminal defaunation and dietary CP level (Table 3) . This lack of effect of partial defaunation on total tract fiber digestion is somewhat surprising. This is particularly so considering the decrease in ruminal total VFA and acetate concentrations (and, presumably, their ruminal production) that was observed in PDFAUN lambs, which would imply reduced ruminal fiber digestion. The literature indicates that the effects of defaunation on fiber digestion in the rumen and total tract are inconsistent. A decrease in ruminal fiber digestion has been observed in some studies (Koenig Urea-nitrogen recycling in defaunated lambs Oldick and Firkins, 2000) , but not others (Hristov et al., 2004) . For total tract digestion, Koenig et al. (2000) observed a reduction in fiber digestion due to defaunation. More recently, Ivan et al. (2004) observed a reduction in total tract fiber digestion in defaunated lambs fed high forage diets, whereas total tract fiber digestion was increased in defaunated lambs fed high concentrate diets. It is plausible that the lack of effect of partial defaunation on total tract fiber digestion in our study could be due to a greater hindgut fermentation of fiber in PDFAUN lambs, which would compensate for any reduction in ruminal fiber digestion that might have occurred; however, this is uncertain because we did not measure fiber digestion in the rumen or hindgut. Such variation in the impact of defaunation on nutrient digestion likely is attributable to dietary differences and the associated changes in ruminal microbial populations and patterns of ruminal fermentation (Koenig et al., 2000) .
N Balance
Faunated lambs consumed 3.5 to 9.2 g/d more N compared with PDFAUN lambs (P = 0.04; Table 4), reflecting observed differences in DMI. Fecal N excretion, expressed in absolute amounts, was unaffected by defaunation; however, when expressed as a proportion of N intake, fecal N excretion was greater (P = 001) in PDFAUN compared with FAUN lambs (Table 4) . There is general agreement in the literature that defaunation increases fecal N losses (Jouany, 1996; Koenig et al., 2000) . This might reflect a shift in the digestion of cell-wall carbohydrates to the hindgut, leading to greater bacterial protein synthesis (Orskov et al., 1970) . Because there is no hindgut mechanism for the digestion and absorption of the resultant bacterial protein, it is subsequently excreted in the feces. Conversely, urinary N excretion, when expressed in absolute amounts (P = 0.001) or as a proportion of N intake (P = 0.001), was decreased by defaunation (Table 4) . Ruminal absorption of NH 3 -N into portal blood is positively correlated to ruminal NH 3 -N concentration (Leng and Nolan, 1984) . Because ruminal NH 3 -N concentration was less in PDFAUN compared with FAUN lambs, we can surmise that the concentration-dependent absorption of NH 3 -N from the rumen was decreased in PDFAUN lambs. Most of the NH 3 -N taken up by the portal vein would be detoxified by conversion to urea in the liver, and urinary urea-N excretion was less (P = 0.001) in PDFAUN compared with FAUN lambs. In addition, the decrease in urinary N excretion in PDFAUN lambs could also result from a greater proportion of urea-N output being recycled to the GIT and its increased sequestration for microbial protein synthesis in the rumen or hindgut or both. In agreement with our results, others (Ikwuegbu and Sutton, 1982; Punia et al., 1987) have also observed decreases in urinary N excretion as a result of defaunation. Total N losses were 5.2 to 9.0 g/d less (P = 0.004) in PDFAUN compared with FAUN lambs; as a proportion of N intake, PDFAUN lambs excreted 5.4 to 6.8 percentage units less (P = 0.06) N compared with FAUN lambs. However, N retention was unaffected by protozoal status, even if PDFAUN lambs consumed 8 to 25% less N compared with FAUN lambs. Daily CP requirements for lambs weighing 40 to 50 kg range from 234 to 240 g (NRC, 1985) . Average CP (N × 6.25) intake in PDFAUN lambs was 216 g/d, which was deficient, yet their N retention (when expressed as a proportion of N intake) was 4.7 to 6.8 percentage units greater (P = 0.05) than in FAUN lambs (Table  4) . Our data suggest a greater efficiency of N utilization in protozoa-free lambs, which can be partly attributed to a greater proportion of urea-N production being recycled to the GIT. Both total energy intake and the source of energy can affect the efficiency of postabsorptive N use. Assuming that the energy content of sunflower oil is 8.8 Mcal/kg, dietary inclusion of 6% sunflower oil contributed 0.87 to 0.89 Mcal to total energy intake of PDFAUN lambs. However, because PDFAUN lambs consumed less feed compared with FAUN lambs, total energy intake was unaffected (data not shown) by protozoal status. It is unlikely, therefore, the results are confounded by total energy intake. Whereas total energy intakes did not differ between FAUN and PDFAUN lambs, it is important to note that energy sources in the diets were different. In growing steers receiving supplemental fat, the efficiency of N use (i.e., greater N retention and less N excretion) was improved when compared with unsupplemented controls (Schroeder et al., 2006) ; however, in contrast to the present study, total energy intakes differed in that previous study. Supplemental energy intake as fat could provide a potential glucose precursor (glycerol) that could spare AA from being used for gluconeogenesis, thus making more AA available for protein accretion and improving N use. In the present study, N use was more efficient in lambs fed sunflower oil; however, this cannot be definitively attributed to an effect of sunflower oil or the absence of protozoa. Bird et al. (1994) have reported increases in N retention due to defaunation.
The level of dietary CP also altered N balance (Table  4) . As expected, lambs fed the high treatment consumed 8.7 to 14.4 g/d more N compared with those fed the low treatment (P = 0.04), reflecting the greater dietary CP in the high diet because DMI was unaltered. However, most of the additional N intake was excreted in urine as lambs fed high excreted 6.7 to 8.7 g/d more urinary N compared with those fed low (P = 0.001). Consequently, N retention, expressed in absolute amounts or as a proportion of N intake, was unaffected by dietary CP level (Table 4 ). These observations are consistent with Marini et al. (2004) and Kiran and Mutsvangwa (2007) . Surprisingly, PUN concentration was unaffected by protozoal status, although PUN concentrations were 8 to 20% numerically greater in FAUN compared with PDFAUN lambs (Table 4) . As expected, PUN concentration was greater (P = 0.002) in lambs fed high compared with those fed low dietary CP, reflecting the greater N intake and greater rates of ruminal NH 3 -N absorption in lambs fed high dietary CP. 15 N]-urea is consistent with previous research using sheep (Lobley et al., 2000; Sunny et al., 2007) . Fecal 15 N enrichments increased daily over the 4-d isotopic infusion without attaining a definite plateau ( Figure 2) ; therefore, for calculations of urea-N kinetics, fecal 15 N enrichments over the final 72 to 96 h of infusion were used, similar to previous research (Lobley et al., 2000; Sunny et al., 2007) .
Urea-N Kinetics, Expression of UT-B, and Microbial NAN Supply
The primary objective of the present study was to determine how interactions between ruminal defaunation and dietary CP level might potentially alter urea-N transfer to the GIT and the utilization of this recycled urea-N in ruminants. Endogenous production of urea-N (26.1 vs. 34.6 g/d) was less (P = 0.001) in PDFAUN compared with FAUN lambs (Table 5) , possibly reflecting differences in N intake as has been demonstrated by others (Marini et al., 2004; Wickersham et al., 2009) . It is noteworthy that adjusting urea-N kinetics data using covariance analysis for differences in N intake that were observed between FAUN and PDFAUN lambs resulted in similar statistical trends (data not shown). This indicates that data on the effects of partial defaunation on urea-N recycling kinetics were likely not confounded by Low = 10% CP, high = 15% CP (DM basis); n = 4 for each treatment.
2 Protozoa = PDFAUN vs. FAUN lambs; protein = level of dietary CP (low vs. high); protozoa × protein = interaction. The PDFAUN was achieved by the addition of 6% (DM basis) linoleic acid-rich sunflower to the diet. differences in N intake. Across treatments, UER ranged from 0.75 to 0.84 of N intake, which compares favorably with UER:N intake ratios obtained in sheep (0.77 to 0.95, Lobley et al., 2000; 0.73 to 0.99, Sunny et al., 2007) . The quantity of hepatic urea-N output that was transferred to the GIT (i.e., GER), when expressed in absolute amounts (16.0 vs. 18.9 g/d), tended (P = 0.06) to be less in PDFAUN compared with FAUN lambs; however, and most interestingly, when expressed as a proportion of UER (0.623 vs. 0.559), GER was greater in PDFAUN compared with FAUN lambs. Among the numerous factors that influence urea-N transfer from blood to the GIT, ruminal NH 3 -N concentration has been reported to be negatively correlated with urea-N transfer into the rumen (Kennedy and Milligan, 1980) . This is possibly because high ruminal NH 3 -N concentration decreases the permeability of the ruminal epithelium to urea (Egan et al., 1986) . Furthermore, increased ruminal NH 3 -N concentration also decreases ruminal urease activity (Cheng and Wallace, 1979) . In the present study, partial defaunation resulted in reduced ruminal NH 3 -N concentration, which would facilitate the transfer of a greater proportion of UER to the GIT in PDFAUN compared with FAUN lambs. We are not aware of any previous research in which urea-N recycling to the GIT has been reported in defaunated compared with faunated ruminants. These data indicate that partial elimination of protozoa results in a greater proportion of endogenous urea-N output being recycled to the GIT. Endogenous urea-N can diffuse 15 N]-urea infusion technique that was used in the present study cannot distinguish between urea-N transfer to the forestomach and poststomach compartments of the GIT, it is generally accepted that a significant proportion of the GER is transferred to the rumen (as opposed to postruminal compartments). Urea-N that is recycled to the rumen would buffer the rumen from the reduced NH 3 -N concentrations prevailing in PDFAUN lambs, thus providing additional N that can be used for microbial protein synthesis. Overall, this could potentially increase postruminal metabolizable protein supply and, consequently, improve N retention as has been consistently observed in defaunated compared with faunated ruminants. The absolute amount of GER that was used for anabolic purposes (UUA) was unaffected by defaunation; however, anabolic use of recycled urea-N expressed as a proportion of GER (i.e., GER to UUA; 0.480 vs. 0.429) tended to be greater (P = 0.09) in PDFAUN compared with FAUN lambs. Although we did not measure the direct incorporation of recycled 15 N into microbial protein, these data suggest a greater microbial incorporation of recycled urea-N into microbial protein because most of the anabolic use of recycled urea-N (i.e., UUA) is predominantly as sequestration of liberated NH 3 -N into microbial protein (Lobley et al., 2000) . Other potential anabolic uses within the body include amination and transamination reactions (Lobley et al., 2000) . As discussed elsewhere, microbial NAN supply as assessed by urinary PD excretion, was greater (P = 0.001) in PDFAUN compared with FAUN lambs (Table 4) , thus further suggesting a greater anabolic use of recycled urea-N via incorporation into microbial protein. Concomitant with the tendency for a greater utilization of recycled urea-N for anabolic purposes, urea-N that was returned to the ornithine cycle (i.e., ROC), when expressed in absolute amounts was less (8.0 vs. 10.2 g/d; P = 0.04), or when expressed as a proportion of GER tended to be less (0.473 vs. 0.525; P = 0.07) in PDFAUN compared with FAUN lambs, suggesting improved N efficiency.
Urinary urea-N excretion, expressed in absolute amounts (10.1 vs. 15.7 g/d; P < 0.001) or as a proportion of UER (i.e., fractional transfer of UER to urine; 0.378 vs. 0.441; P < 0.001), was less in PDFAUN lambs compared with FAUN lambs. In ruminants, a major portion of the urea-N that is released from the liver originates from NH 3 -N that is absorbed from the portal-drained viscera, particularly the rumen. Because ruminal NH 3 -N concentration was less in PDFAUN compared with FAUN lambs, it is likely that ruminal absorption of NH 3 -N was decreased in PDFAUN lambs because this is a concentration-dependent process. That would result in decreased UUE. Urea-N that was eliminated in feces (i.e., UFE) was unaffected (P = 0.48) by defaunation (Table 5) .
Endogenous production of urea-N (38.2 vs. 22.5 g/d), GER (20.8 vs. 14.2 g/d), and UUE (17.4 vs. 8.3 g/d) were greater (P = 0.001) in lambs fed high compared with those fed low. However, when expressed as a proportion of UER, the GER and its anabolic use were greater (P = 0.001) in lambs fed low compared with those fed high dietary CP (Table 5) . Urea-N that was utilized for anabolic purposes was greater (P = 0.001) in lambs fed low compared with those fed high dietary CP (Table 5) . Increases in UER, GER, and UUE as dietary CP concentration increases are likely associated with the greater N intakes that were observed, as has been reported in ruminants (Archibeque et al., 2001; Marini and Van Amburgh, 2003) . Across dietary CP levels, UER was 0.70 to 0.87 of N intake, which is in agreement with previous research (Lobley et al., 2000) . Clearly, these ratios indicate the magnitude of the transit of N into the urea pool and the perpetual dependence of ruminants on urea-N recycling to the GIT to maintain a positive N balance.
The presence of carrier-mediated, facilitative UT proteins in ruminant GIT tissues was originally demonstrated by Ritzhaupt et al. (1997 Ritzhaupt et al. ( , 1998 and subsequently confirmed by others (Marini and Van Amburgh, 2003; Marini et al., 2004; Stewart et al., 2005) . These UT are derived from 2 major gene variants, namely UT-A and UT-B (Stewart et al., 2005) , and mRNA expression for UT-A has been characterized in ovine duodenum, and that of UT-B in the rumen of bovine (Marini and Van Amburgh, 2003; Stewart et al., 2005) and ovine (Marini et al., 2004) . In addition to measurement of urea-N kinetics, we also quantified UT-B mRNA expression using qPCR. Expression of UT-B mRNA (expressed as copies/copy of ovine-GAPDH) was unaffected by defaunation or dietary CP level (Table 5 ). However, expression of UT-B mRNA in PDFAUN lambs was numerically greater (by 20%) compared with FAUN lambs. Our data on UT-B gene expression further support our contention that partial defaunation was associated with a greater transfer of urea-N output to the GIT. Also, UT-B mRNA abundance in lambs fed low was numerically greater (by 17%) compared with those fed high dietary CP, which is consistent with the greater GER:UER ratio that was observed for lambs fed low compared with those fed high dietary CP. Limited research indicated that the expression of UT in ruminal epithelium was altered by dietary protein level (Marini and Van Amburgh, 2003) ; however, a subsequent study (Marini et al., 2004) failed to detect any changes in UT expression due to dietary manipulation. The quantitative significance of these UT in transepithelial urea-N transfer in ruminants has yet to be determined (Reynolds and Kristensen, 2008) .
In this study, we also wanted to delineate the effects of ruminal defaunation on microbial NAN supply. In ruminants, the measurement of urinary PD excretion is now routinely used as an indicator of ruminal microbial protein production under a wide range of dietary conditions (Chen and Gomes, 1992) . The calculation of microbial protein supply using urinary PD excretion requires knowledge of the purine:N ratio in mixed ruminal microorganisms; however, in the present study, we did not measure this ratio, so we assumed that it was constant at 11.6:100 and that it remained unchanged by dietary treatment (Chen and Gomes, 1992) . There is evidence that factors such as diet (Ranilla and Carro, 2003) and time relative to feeding (Cecava et al., 1990) may alter the purine:N ratio of ruminal microorganisms, so the use of a constant ratio is still a matter of considerable debate. Despite these limitations, the PD technique is a noninvasive, qualitative tool that can predict relative changes in microbial protein supply. Partially defaunating lambs increased allantoin (P = 0.001) and total PD (P = 0.003) excretion (Table 6) , supporting the findings of Fujihara et al. (2003) . Microbial NAN (expressed as g/d; P = 0.03) and microbial efficiency (expressed as microbial N/kg of DOMR; 2 UER = urea-N entry rate; GIT = gastrointestinal tract; GAPDH = glyceraldehyde 3-phosphate dehydrogenase.
3 Protozoa = PDFAUN vs. FAUN lambs; protein = level of dietary CP (low vs. high); protozoa × protein = interaction. The PDFAUN was achieved by the addition of 6% (DM basis) linoleic acid-rich sunflower to the diet. P = 0.001) were greater in PDFAUN lambs compared with FAUN lambs (Table 6 ). Numerous workers have observed that microbial protein flow to the duodenum increases after defaunation (e.g., Jouany, 1996; Koenig et al., 2000) , and this response has been attributable primarily to decreased protozoal predation on bacteria and decreased competition from protozoa for growth substrates (Jouany, 1996) . Also, our results provide some evidence that increased urea-N recycling to the GIT in defaunated animals might provide additional ruminally degradable N for bacterial growth; the proportion of recycled urea-N that was used for anabolic purposes (i.e., GER to UUA) tended to increase with defaunation. When microbial NAN supply is expressed as grams microbial N/kg of DOMR, the improvement in microbial protein synthesis due to defaunation ranges from 20 to 94%, which compares favorably with a range of 40 to 125% that has reported from summarized literature data (Jouany, 1996) . Compared with those fed low, lambs fed high excreted more allantoin (P = 0.001), uric acid (P = 0.001), and total PD (P = 0.001; Table 6 ). Similarly, Gabler and Heinrichs (2003) reported a linear increase in urinary output of allantoin and total PD as dietary CP concentration increased. Microbial NAN (expressed as g of microbial N/kg of DOMR or g of microbial N/d) flow to the small intestine was greater (P < 0.01) in lambs fed high compared with those fed low dietary CP.
We had anticipated that there would be interactions between protozoal status and dietary CP level on N metabolism; however, no interactions were detected for any of the important measures of N balance (Table 4) , urea-N kinetics (Table 5) , or microbial N production ( Table 6 ). The low diet was formulated to contain 10% CP, which was markedly below CP requirements for growth (14.5% CP; NRC, 1985) . On the other hand, the high diet was formulated to contain 15% CP, which met growth requirements. Hence, there was a large disparity in dietary CP levels. Because the benefits of defaunation on N utilization are greater when animals are protein-deficient (Leng and Nolan, 1984) , we had anticipated significant interactions between protozoal status and dietary CP level. Based on a meta-analysis of available data on the effects of defaunation on N metabolism from 75 studies, the effects of defaunation on ruminal NH 3 -N concentration decreased with dietary N level (Eugène et al., 2004) , indicating that there might be important interactions between protozoal status and dietary CP level. In that meta-analysis, the decrease in ruminal NH 3 -N concentration as a result of defaunation was >5.0 mg/dL, whereas in the present study, defaunation decreased ruminal NH 3 -N concentration by only 3.74 and 3.31 mg/dL in lambs fed the low and high diets, respectively. It is noteworthy that the difference in ruminal NH 3 -N concentration between PDFAUN and FAUN animals was similar across CP levels, and ostensibly, this decrease was not large enough to elicit any interactions between defaunation and dietary CP level on N utilization.
In summary, linoleic acid-rich sunflower oil fed at 6% of dietary DM was efficacious in partially defaunating the rumen. Partially defaunated lambs consumed less N and exhibited reduced ruminal NH 3 -N concentrations compared with faunated lambs. Partially defaunated animals excreted smaller amounts of total N and, as a result, retained more N when expressed as a proportion of N intake. Although urea-N recycling to the GIT (in g/d) was unaffected by protozoal status, partially defaunated animals recycled a greater proportion of their endogenous urea-N output to the GIT (i.e., UER to GIT, +0.046 to 0.081) compared with faunated animals. In addition, the proportion of recycled urea-N that was used for anabolic purposes (primarily microbial protein production) was numerically greater, and microbial N supply at the duodenum was greater, in partially defaunated compared with faunated animals. When taken together, these findings support our hypothesis that improved N utilization in partially defau- Microbial NAN supply was calculated according to Chen and Gomes (1992) ; DOMR (digestible OM in rumen), which was calculated as 0.65 × DOMI (digestible OM intake) (Chen and Gomes, 1992) .
